Thyroid hormones induce several changes in whole body metabolism that are known to improve metabolic homeostasis. However, adverse side effects have prevented its use in the clinic. In view of the promising effects of thyroid hormones, we investigated the effects of levothyroxine supplementation on glucose homeostasis.
Introduction
Glycaemic control is exquisitely orchestrated by the hormones secreted by the islets of Langerhans, which exert effects on many target tissues. In the pathogenesis of type 2 diabetes mellitus (T2DM), insulin-target tissues gradually develop insulin resistance. As a result of compromised insulin sensitivity, there is an increased demand of insulin production to maintain circulating glucose concentration within the physiological range. Under these circumstances, pancreatic beta cells overproduce insulin, which in late stages of the disease results in overstimulation of beta cells and their apoptosis. In type 1 diabetes mellitus (T1DM), as opposed to T2DM, there is a direct and specific attack of immune cells that selectively destroys pancreatic beta cells. In both T1DM and T2DM, the lack of a functional beta cell mass produces hyperglycaemia, propelling a vicious cycle of metabolic disorders.
The use of thyroid hormones (THs) and newly generated thyromimetics is promising to improve metabolic homeostasis given their potent effect on weight loss and the reduction of cholesterol levels Lin and Sun, 2011; Moreno et al., 2011) . Triiodothyronine (T3) and levothyroxine (T4), produced in the thyroid gland, are the main THs. T4 is converted into T3 within cells by deiodinases. Interestingly, T4 is less active but more stable (190 h) than T3. The average activity of T3 is about three to five times higher than T4, but the stability is 19 h in euthyroid patients. Other THs or thyromimetics, such as triac, tetrac, thyrinnamines, reverse T3, 3,5-diiodo-l-thyronin and conjugated glucagon/T 3 , also exist and are recently attracting attention in the scientific community as promising drugs for the treatment of several pathologies (Ball et al., 1997; Shang et al., 2013; Goglia, 2014; Senese et al., 2014; Finan et al., 2016) . One of the main physiological roles of THs is the regulation of basal metabolic rate, defined here as the rate of energy expenditure per time at rest, which accounts for about 60-75% of the calories burned in a healthy subject. Specifically, THs increase oxygen consumption and rates of ATP hydrolysis, while lowering coupled state of the mitochondria and the maximal capacity to produce ATP (Johannsen et al., 2012) . Actually, THs are known to induce the catabolism of all types of energy sources (Weinstein et al., 1991) . THs induce the reduction of circulating triglycerides and cholesterol containing lipoproteins, as well as the induction of hepatic gluconeogenesis and glycogenolysis (Bahn et al., 2011) . Enhanced gluconeogenesis and glycogenolysis support tissues with sufficient fuel to maintain their energy requirements (Dimitriadis and Raptis, 2001; Klieverik et al., 2008) .
The mechanistic insights of THs action in cells involve the modulation of gene expression in a process mediated by their binding to TH receptors (TR). TH-TR complexes bound to specific DNA sequences modulate the expression of more than 80 genes (Dong et al., 2009; Shoemaker et al., 2012) . In this context, essential cellular processes are orchestrated by THs, such as mitochondrial biogenesis in the nervous system and the contractile apparatus of the endoplasmic reticulum in the heart (Iwen et al., 2013; Vargas-Uricoechea et al., 2014) . Additionally, non-genomic effects of TH have also been described (e.g. activation of Akt signalling, through the TR-β) (Verga Falzacappa et al.,
2009; Vicinanza et al., 2013) . Moreover, THs play a significant role in the differentiation of the vast majority of somatic cells (Obregon, 2008; Sirakov et al., 2013) . Interestingly, during the last years, extensive research has focused on the role of TH in the differentiation, maturation and functionality of metabolic tissues (Mastracci and Evans-Molina, 2014) . Thus, T3 supplementation enhanced postnatal pancreatic islet development, via the induction of the transcription factor MAFA, and attenuated hyperglycaemia in streptozotocin (STZ)-treated and leptin-receptor deficient mice (Lin and Sun, 2011; Verga Falzacappa et al., 2011; Aguayo-Mazzucato et al., 2013) . In addition, T3 administration increased the expression of endocrine markers in acinar and ductal cell lines as well as in pancreatic explants (Misiti et al., 2005; Aiello et al., 2014) . Remarkably, newly developed in vitro protocols aiming to differentiate human embryonic stem cells towards insulin-secreting beta cells use T3 in specific steps of the differentiation protocol (Pagliuca et al., 2014; Rezania et al., 2014) . These data indicate that THs are involved in the differentiation and the maturation of pancreatic precursor cells into functional endocrine cells.
In this report, we set out to investigate whether a longterm supplementation with T4 enhanced glucose clearance in healthy and in STZ-challenged C57BL/6 wild-type mice, as well as improving metabolic homeostasis in the RIP-B7.1 mouse strain, which provides a model of experimental autoimmune diabetes (EAD). We found that T4 improved metabolic control in these murine models via the induction of the proliferation of pancreatic beta cells, as well as the production of insulin, which was associated with higher circulating insulin levels and the subsequent activation of the IRS1-Akt axis of insulin signalling in target tissues for insulin.
Methods

Animals
All animal care and experimental procedures complied with national and European Union legislation (Spanish RD 53/2013 and EU Directive 2010/63) for the protection of animals used for scientific purposes. The CABIMER animal facility is an SPF-certified facility. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) .
Mice were housed in individually ventilated cages (Tecniplast, Buguggiate, Italy). Souralit plus 29/12 bedding (Souralit, Gerona, Spain) was sterilized by autoclave and added to each cage. Mice were group-housed (one to four mice per cage), maintained on a 12 h light/dark cycle and had access to rodent chow TD2914 (Envigo, Barcelona, Spain) and water ad libitum.
For experiments in C57BL/6 mice, the offspring of five pairs of mice were used (Janvier, Le Genest-Saint-Isle, France). C57BL/6 mice are considered an optimal model to study glucose homeostasis. Female mice were treated or not with T4 starting at birth (s.c. injection of 18 ng·g À1 of body weight daily until weaning). After weaning, mice were supplemented with T4 in drinking water (50 μg·mL À1 ) (Spencer and West, 1961; Weinstein et al., 1991; Weinstein et al., 1994 Buras et al., 2014 For experiments related to EAD, transgenic RIP-B7.1 mice were used (Harlan et al., 1994; Mellado-Gil et al., 2016) ; these mice were supplied by Dr Bernhard. O. Boehm (Ulm University Medical Centre, Ulm, Germany). RIP-B7.1 mice are a well-established model of EAD. T4 supplementation (5 μg·mL À1 of T4 in the drinking water) was started at 6 weeks of age. EAD was triggered by intramuscular immunization at 8 weeks of age with 50 μg of pC1/ppins plasmid DNA (1 μg·μL À1 ) containing the preproinsulin II. At 11 weeks of age, animals were killed by cervical dislocation. For experiments related to chemically induced diabetes mellitus, STZ was used following a previously published protocol (Verga Falzacappa et al., 2011) . Briefly, Thirty-four-week-old male C57BL/6 mice were treated with T4 (5 μg·mL À1 of T4 in the drinking water). At 2 weeks of T4 treatment, experimental diabetes mellitus was triggered by two injections (one each day for two consecutive days) of STZ (i.p., 150 mg·kg À1 ), freshly dissolved in 10 mM Na-citrate buffer (pH 4.5). Mice were killed if circulating glucose levels were above 5 g·L À1 for more than 96 h.
Blinding, group size and randomization
The data analyst was blinded, whereas the operator was not blind to the group assignment of animals. Mice were selected from the pool eligible for inclusion in the study and were randomly divided into the experimental groups (n = 26 untreated mice and n = 28 T4-treated mice for C57BL/6 mice; n = 8 for the untreated group and n = 9 for the T4-terated group for RIP-B7.1 mice; n = 9 for the untreated group and n = 9 for the T4-treated group for STZ-treated C57BL/6 mice). The number of biological replicates was similar (n untreated-= n ± 1 T4-treated) in the different experiments, experimental loss leading to greater differences in the number of biological replicates within the different experimental groups occurred in the experiments shown in Figures 1L, 2A , B, D, E and 5B and Supporting Information Figure S5B . Quantitative analysis of gene and protein expression was normalized to the mean of the control group to facilitate representation and understanding of the results. Quantitative-PCR data were adjusted by using a reference gene (β-actin). The experiments shown in Supporting Information Figure S1B -E were normalized to glucose levels at time 0 (%) to determine whether differences in metabolic test stem from differences in basal glucose levels (Curtis et al., 2015) . Measured glucose values are shown in Figure 1A , E, G, I.
Immunohistochemistry
Dissected tissues were fixed in 4% paraformaldehyde. Pancreatic sections (7 μm thick) were deparaffinized and rehydrated. Antigen retrieval was performed in 0.01 M sodium citrate buffer (pH 6). After 1 h blocking at room temperature, sections were incubated overnight at 4°C with primary antibodies (Supporting Information Table S1 ). Subsequently, slides were incubated with secondary antibodies (Supporting Information Table S1 ) for 1 h at room temperature. For immunofluorescence, DAPI-nuclear staining (Life Technologies,Carlsbad, USA) was used. For diaminobenzidine staining, biotinylated secondary antibodies were used (VectorLab, Burlingame, VT, USA). Counterstaining with haematoxylin (Panreac, Barcelona, Spain) was performed. Insulin staining was quantified using Image J as mean value/pixel after background subtraction. Thyroid and pituitary sections were stained with haematoxylin and eosin (Panreac).
Semi-quantitative RT-PCR
Total RNA was extracted from frozen skeletal muscle and liver samples using the Easy-blue RNA extraction kit (Intron Biotechnology, Gyeonggi-doQiagen, Korea). For islet experiments, the RNeasy Micro Kit was used (Qiagen). CDNA was synthesized using the Superscript II (Invitrogen, Carlsbad, CA, USA). The RT-PCR was performed on individual cDNAs using SYBR green (Roche). Primer sequences are presented in Supporting Information Table S2 . The mRNA expression was calculated by the 2 ÀΔΔCT method and normalized to the expression of β-actin.
Western blot
Samples were lysed in radioimmunoprecipitation assay buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate) with protease, phosphatase and deacetylase inhibitors P0044, P5725, P8340 and SC-362323. Western blots were performed according to standard methods, which involved incubation with a primary antibody of interest, followed by incubation with a horseradish peroxidase-conjugated secondary antibody (Supporting Information Table S1 ). Blots were quantified with ImageJ, and the bands of interest were normalized to Ponceau S and/or GAPDH staining, as previously validated (Bello et al., 2003) .
In vivo insulin and glucose determinations
To determine glucose levels, blood samples were taken by venepuncture using a Precision Xceed glucometer (Abbott, Madrid, Spain) (Martin-Montalvo et al., 2013 
Rotarod
Results from rotarod tests are presented as the time to fall from an accelerating rotarod as previously described (4-40 rpm over 5 min) (Mitchell et al., 2014) . Mice were given a 1 min habituation trial at 4 rpm on the day before the experiment. Results shown are the averages of three trials per mouse. 
Islet isolation, culture and glucose-stimulated insulin secretion (GSIS)
Islets from 24-week-old female wild-type C57BL/6 mice were isolated by intraductal collagenase perfusion as previously described (Jimenez- Moreno et al., 2015) . For semiquantitative RT-PCR purposes, pancreatic islets were processed upon collection. For insulin determination, similar amounts of islet equivalents (10 in each technical replicate) were lysed in HCl-ethanol (5% HCl in 96°ethanol) for 16 h at 4°C. For GSIS studies, islets were cultured overnight in RPMI-1640 medium (2 g·L À1 glucose). Then, groups of 10 islets were washed in 500 μL of Krebs-Ringer bicarbonate-HEPES buffer (KRBH) (140 mM NaCl, 3.6 mM KCl, 0.5 mM NaH 2 PO 4 , 0.5 mM MgSO 4 , 1.5 mM CaCl 2 , 2 mM NaHCO 3 , 10 mM HEPES, 0.1% BSA). Subsequently, fresh KRBH supplemented with 2.8 mM glucose was added, and islets were incubated for 30 min. Next, buffer was harvested ("2.8 mM insulin secretion"), and 500 μL of KRBH supplemented with 22 mM glucose was added. Islets were incubated for an additional 30 min at 37°C, and then, buffer was harvested ("22 mM insulin secretion"). Following the incubations, islets were lysed with HCl-ethanol to obtain the insulin content. In all cases, insulin was measured using ELISA kits (Crystal Chem).
T4 determination
T4 concentration in serum was determined using a T4 commercial kit (MP Biomedicals, Santa Ana,CA, USA).
Homeostasis model assessment of insulin resistance (HOMA-IR)
Insulin resistance was estimated using the HOMA2 Calculator available from the Oxford website (Levy et al., 1998) .
Glycated haemoglobin
HbA1c levels were determined in blood samples according to the manufacturer's protocol (CrystalChem).
α-glycoprotein subunit (α-GSU) determination
The α-GSU of pituitary hormones was determined using a commercially available kit following the instructions of the manufacturer (Abbexa, Cambridge, United Kingdom).
TUNEL assay
For the TUNEL staining, the In Situ Cell Death Detection Kit, Fluorescein, was used using proteinase K (Sigma-Aldrich, St. Louis, MO, USA).
Data and statistical analysis
The data and statistical analysis in this study comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . Data are shown as means ± SEM. Statistical significance was calculated using unpaired, two-tailed Student's t-test as two experimental groups (untreated and T4-treated) were compared (Excel 2007, Microsoft) . The Mann-Whitney rank sum test was applied when data were normalized to basal glucose levels (SigmaPlot For liver, heart, WAT, BAT, kidney, brain and spleen n = 12 untreated; n = 18 T4-treated. For thyroid and pituitary n = 6 untreated; n = 7 T4-treated. (E) Organs weight divided by body weight. Age = 24 weeks. For liver, heart, WAT, BAT, kidney, brain and spleen n = 12 untreated; n = 18 T4-treated. For thyroid and pituitary n = 6 untreated; n = 7. UT, untreated; T4, T4-treated. Data shown are the means ± SEM. *P < 0.05, significantly different from untreated mice; two tailed Student's t-test.
12.5, Softonic, Barcelona, Spain). A LogRank statistical test was applied for survival curves (SigmaPlot 12.5, Softonic). For all analyses, P < 0.05 was considered statistically significant.
Materials
T4, glucose, sodium pyruvate, STZ and the enzyme inhibitors P0044, P5725 and P8340 were purchased from Sigma-Aldrich. SC-362323 was supplied by Santa Cruz Biotechnology (Santa Cruz, CA, USA). Unless otherwise stated, other reagents were purchased from Sigma-Aldrich.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology. org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015a, b) .
Results
T4 supplementation enhances glucose clearance in healthy C57BL/6 mice
In order to determine the metabolic effects of T4 supplementation in mice, we treated female wild-type C57BL/6 mice with T4 from postnatal day 1 (18 ng·g À1 of body weight·day À1 ; s.c. injections) until weaning, followed by T4 administration in the drinking water (50 μg·mL À1 ad libitum)
until 24 weeks of age, when mice were killed (Spencer and West, 1961; Weinstein et al., 1991; Weinstein et al., 1994; Wistuba et al., 2007; Dong et al., 2010; Mysliwiec et al., 2011; Buras et al., 2014) . Analysis of serum samples indicated that T4 concentration was increased in T4-treated mice (Supporting Information Figure S1A ). Glucose tolerance was enhanced by T4 supplementation as determined by the lower AUC in an OGTT, even when glucose levels were expressed as the percentage of basal glucose ( Figure 1A -B and Supporting Information Figure S1B ). Remarkably, basal circulating insulin levels were higher in T4-treated mice in the OGTT, while levels were similar to those of untreated animals at 15-30 min post-glucose load ( Figure 1C-D) . Glucose levels were also lower at all time points during an IPPTT, indicating that hepatic gluconeogenesis, although significant (e.g. significant increase in glucose levels promoted by pyruvate administration), was not able to normalize glucose levels in T4-treated mice ( Figure 1E -F and Supporting Information Figure S1C ). In order to determine whether insulin sensitivity was affected, animals were challenged with an ITT. Circulating glucose levels were significantly lower in T4-treated mice at any time point during the ITT, although these differences were related to the lower basal glucose levels, as shown by the lack of significant differences when glucose levels were expressed as the percentage of basal glucose ( Figure 1G -H and Supporting Information Figure S1D ). We next measured circulating glucose levels during a 24 h fasting period. Glucose levels were significantly reduced in T4-treated mice at any time point during the experiment ( Figure 1I -J and Supporting Information Figure S1E ). Consistent with the high insulin levels determined during the basal time of the OGTT (6 h fasting), circulating insulin levels were also higher at 16 h of fasting ( Figure 1K ). Interestingly, despite the lower glucose levels during the ITT, a trend towards increased HOMA-IR was found in T4-treated mice (P = 0.08 in two-tailed Student's t-test) (Supporting Information Figure S1F ). Supporting the long-term reduction of glucose levels in mice treated with T4, the percentage of glycated haemoglobin was lower (note that the untreated group is within the healthy physiological range;~5%) ( Figure 1L ). Taken together, these results indicate that T4 supplementation markedly reduced the glucose concentration in blood, which was associated with increased circulating insulin.
We next assessed the effects of T4 supplementation on whole body physiology. Body weight was slightly reduced in T4-treated mice (Figure 2A ). Rotarod performance was improved by T4, indicating the overall healthy status of the animals ( Figure 2B ). Interestingly, energy intake was similar in both experimental groups, even when corrected for changes in body weight ( Figure 2C and Supporting Information Figure S2A ). Noticeably, at killing, gonadal white adipose tissue (WAT) and thyroid weights were reduced in T4-treated mice ( Figure 2D -E). In contrast, several organs, including the brown adipose tissue (BAT), were heavier in T4-treated mice, even when corrected for body weight ( Figure 2D -E). Histological examinations of the thyroid and the pituitary revealed no major macroscopic changes in tissue morphology (Supporting Information Figure S2B ). Thyroid sections of T4-treated mice had a slightly less intense staining of the colloid in the lumen of the follicle, suggestive of reduced endogenous thyroglobulin content. In addition, serum concentration of the α-GSU of pituitary hormones was concomitantly reduced in T4-treated mice (Supporting Information Figure S2C ).
T4 supplementation enhances beta cell turnover and increases beta cell insulin content T4-mediated increases in circulating insulin levels implied effects of the hormone on pancreatic islets. Accordingly, insulin staining was greater while glucagon was unaffected, in pancreatic sections of T4-treated mice, compared with control mice ( Figure 3A-C) . Increased insulin content in the islets of T4-treated mice was confirmed by ELISA determination using freshly isolated pancreatic islets ( Figure 3D ). Determinations of mRNA expression by real-time PCR in pancreatic islets from T4-treated and untreated mice indicated that Akt and glucokinase (GK) expression were also significantly increased in the islets of T4-treated mice, whereas no changes were observed in MAFA and FOXO1 gene expression (Supporting Information Figure S3A ). Immunohistochemical analysis confirmed that GK expression was increased, while the subcellular localization of FOXO1 and MAFA remained unaffected in T4-treated mice ( Figure 3A , E and Supporting Information Figure S3B -C) (Kikuchi et al., 2012; AguayoMazzucato et al., 2013) . Remarkably, GSIS assays performed in islets isolated from T4-treated mice showed that insulin secretion was increased, when islets were cultured under low glucose (2.8 mM) conditions ( Figure 3F ). However, differences in insulin secretion under high glucose (22 mM) conditions did not reach statistical significance. Interestingly, beta cell proliferation, defined here as the percentage of Ki67 positive cells within the insulin-expressing cell population, was increased in T4-treated animals, compared with that in untreated mice ( Figure 3G-I) . As opposed to beta cells, noninsulin-expressing pancreatic endocrine cells showed similar proliferation (percentage of Ki67 positive cells in islet residing non-insulin expressing cells) ( Figure 3G, I) . Remarkably, the percentage of apoptotic cells, determined by TUNEL staining, was also increased by T4 administration, specifically in the beta cell population (Figure 3J-L) .
T4 induces the activation of IRS1-Akt signalling in insulin-target tissues
In order to determine the underlying mechanism of T4 action in insulin-target tissues, we measured mRNA expression by semi-quantitative real-time PCR. We found that the transcript levels of several members of the insulin signalling pathway were over-expressed in skeletal muscle and in the liver of T4-treated mice ( Figure 4A-B) . Consistent with these data, protein extracts of both T4-treated liver and skeletal muscle, Figure S4A ). No differences on insulin-stimulated phosphorylation of Ser 473 -Akt levels were found, indicating that maximal insulin-induced Akt activation was not affected by T4-treatment. T4 treatment also modulated the expression of genes involved in glucose utilization (e.g. increased glycolysis and gluconeogenesis) and
Figure 4
T4 activates insulin signalling in skeletal muscle and liver. (A) Determination of mRNA levels of several members of the insulin pathway in the skeletal muscle of mice treated or not with T4. Mice were fasted for 16 h before they were killed. Values were normalized to untreated mice. IR-β; n = 5. IRS1; n = 6. Akt; n = 5. FOXO1; n = 6. GSK3-β; n = 6. ERK; n = 6. (B) Determination of mRNA levels of several members of the insulin pathway in the liver of mice treated or not with T4. Mice were fasted for 16 h before they were killed. Values were normalized to untreated mice. IR-β; n = 6 untreated, n = 5 T4-treated. IRS1; n = 6 untreated, n = 5 T4-treated. AKT; n = 6. FOXO1; n = 6 untreated, n = 5 T4-treated. GSK3-β; n = 5. ERK; n = 6 untreated, n = 5 T4-treated. Figure S4A . n = 5 untreated, n = 6 T4-treated. Values were normalized to untreated mice. (H) Densitometric analysis of the Western blots using liver extracts shown in Supporting Information Figure S4A . n = 5 untreated, n = 6 T4-treated. Values were normalized to untreated mice. UT, untreated; T4, T4-treated. Data shown are the means ± SEM. *P < 0.05, significantly different from untreated mice; two tailed Student's t-test.
mitochondrial uncoupling, in both skeletal muscle and liver (Supporting Information Figure S4B -C). Taken together, these results suggest that high circulating levels of insulin, induced by T4, lead to sustained activation of IRS1-Akt signalling and subsequently increased glucose uptake in insulin target tissues, to maintain their high metabolic requirements. Supporting these data, a significant increase of pThr 172-AMPK, which indicates a starvation-like status, was found in extracts isolated from T4-treated skeletal muscles (Supporting Information Figure S4D-E) . Noteworthy, such a change was not detected in liver samples, suggesting that energy metabolism is preferentially affected in tissues with higher metabolic demands (Supporting Information Figure S4D , F).
T4 supplementation improves glycaemic control in the RIP-B7.1 model of EAD and increases survival in STZ-treated mice
Given the effects of T4 supplementation in the promotion of beta cell proliferation and the increase of circulating insulin levels in healthy C57BL/6 mice, we next sought to determine whether T4 supplementation could blunt the onset of T1DM in the RIP-B7.1 model of EAD (Harlan et al., 1994; Mellado-Gil et al., 2016) . To this end, RIP-B7.1 mice were treated with T4, (5 μg·mL À1 in drinking water) starting at 6 weeks of age.
RIP-B7.1 mice were immunized at 8 weeks of age to trigger the autoimmune attack on the beta cells. Assay of circulating T4 levels revealed a significant increase in T4-treated RIP-B7.1 immunized mice when compared to untreated RIP-B7.1 immunized mice (Supporting Information Figure S5A ). Noticeably, T4-treated immunized RIP-B7.1 mice gained weight over the course of the experiment, while control (untreated) immunized RIP-B7.1 mice reached a plateau ( Figure 5A ). Thus, body weights were significantly different from week 4 of T4-treatment. Similar to healthy wild-type C57BL/6 mice ( Figure 2D-E) , the weight of several organs, including the BAT, was higher at the end of the experiment (5 weeks of T4-treatment; 11 weeks of age) ( Figure 5B ). However, differences on the weight of gonadal WAT were not apparent, even when corrected for body weight ( Figure 5B and Supporting Information Figure S5B) .
In order to determine the effect of T4 supplementation in the pathogenesis of EAD, several metabolic tests were performed. An OGTT performed 2 weeks post-immunization revealed enhanced glucose clearance in T4-treated immunized RIP-B7.1 mice ( Figure 5C-D) . An ITT performed 3 weeks post-immunization indicated that circulating glucose was significantly lower in T4-treated immunized RIP-B7.1 mice at any time point during the experiment (Figure 5E-F) . However, these differences seem to stem from the lower basal glucose levels in T4-treated RIP-B7.1 immunized mice. Postprandial glucose determination revealed that, while untreated immunized RIP-B7.1 animals developed hyperglycaemia at 5 weeks of treatment (3 weeks postimmunization), T4-treated immunized RIP-B7.1 mice remained normoglycaemic ( Figure 5G ). Remarkably, postprandial circulating insulin was dramatically increased in T4-treated RIP-B7.1 immunized mice, which was associated with increased phosphorylation of the IRS1 at Tyr 632 , in the liver ( Figure 5H and Supporting Information Figure S5C -E).
In order to determine whether T4 supplementation could improve glucoregulation in a different mouse model of experimental diabetes, STZ chemically induced diabetes mellitus was used. To this end, male wild-type C57BL/6 mice were treated with T4 (5 μg·mL À1 in the drinking water), starting 2 weeks before injection of STZ (Verga Falzacappa et al., 2011) . The average survival of control STZ-treated mice was 8 days, whereas the T4-treated group achieved a mean survival of 34 days, including some mice that survived STZ ( Figure 5I ; P < 0.05, χ 2 = 7,689). Postprandial glucose levels showed a trend towards reduced glycaemia in T4-treated mice ( Figure 5J ). Taken together, our results indicate that treatment with T4 delayed the onset of T1DM in the RIP-B7.1 model of EAD and increased survival in STZ-induced experimental diabetes mellitus.
Immunohistochemical analyses were performed in order to determine the underlying effects of T4 supplementation on the pancreas of immunized RIP-B7.1 mice. Although both immunized untreated and T4-treated RIP-B7.1 mice displayed a similar level of lymphocyte infiltration, T4-treated mice exhibited a marked increase in insulin staining with no significant variation in glucagon staining ( Figure 6A -C and Figure S6A -B). We next investigated whether T4 could also increase the proliferation of beta cells in the RIP-B7.1 model of experimental T1DM. Interestingly, the abundance of islet-residing Ki67 positive cells was increased in immunized RIP-B7.1 mice when compared to healthy C57BL/6 mice, indicating that islet-residing immune cells and/or pancreatic endocrine cells proliferate under the immune attack ( Figures 3D and 6D) . Nonetheless, T4-treated immunized RIP-B7.1 mice exhibited a marked increase in proliferating beta cells when compared to untreated immunized RIP-B7.1 mice ( Figure 6D-E) . As expected, the immune attack increased the percentage of apoptotic beta cells in both, T4-treated and untreated immunized RIP-B7.1 mice ( Figures 3G-H and 6F-G) . However, no differences were observed between T4-treated and untreated immunized RIP-B7.1 mice. These results suggest that increased beta cell proliferation might be the underlying mechanism by which T4 blunts the onset of experimental T1DM in mice.
Discussion
Supplementation with THs provides undeniably positive benefits for metabolic health, attenuating hyperglycaemia in STZ-treated and leptin-receptor deficient mice (Lin and Sun, 2011; Verga Falzacappa et al., 2011; Shoemaker et al., 2012) . Therefore, THs or their analogues could represent a promising therapeutic approach for the treatment of metabolic complications. However, the detrimental effects of high circulating levels of THs (thyrotoxicosis) are well known. Patients suffering thyrotoxicosis exhibit a pleiotropy of symptoms that include life-threatening disorders such as cardiovascular collapse and thyroid storm, among others (Bahn et al., 2011; Garmendia Madariaga et al., 2014) . These risks have precluded the investigation of potential therapies based on the use of THs to treat metabolic disorders.
In this report, we show that a level of T4 supplementation modulates the thyroid-pituitary axis, increases insulin concentration in blood and enhances glucose clearance, while maintaining an overall healthy status in wild-type C57BL/6 Figure 5 T4 blunts the onset of T1DM in the RIP-B7.1 model of EAD and increases survival in STZ-challenged C57BL/6 mice. (A) Body weight of RIP-B7.1 mice. n = 8 untreated; n = 9 T4-treated. (B) Organs weight of RIP-B7.1 mice. n = 6 untreated; n = 9 T4-treated. (C) Glucose concentration in blood during an OGTT at 4 weeks of T4-treatment of RIP-B7.1 mice. n = 8 untreated; n = 9 T4-treated. (D) AUC of glucose levels during the OGTT. (E) Glucose concentration in blood during and ITT at 5 weeks of T4-treatment of RIP-B7.1 mice. n = 7 untreated; n = 9 T4-treated. (F) AUC of glucose levels during the ITT. (G) Postprandial glucose concentration in blood on RIP-B7.1 mice. n = 8 untreated; n = 9 T4-treated. (H) Circulating insulin levels in fed conditions. n = 7 untreated; n = 8 T4-treated. (I) Survival of C57BL/6 mice challenged with STZ. n = 9 per group. (J) Postprandial glucose concentration in blood from C57BL/6 mice challenged with STZ. Alive animals were included (see Figure 5I for n in each time point). UT, untreated; T4, T4-treated; IMM, immunization. Arrows indicate the time of immunization. Data shown are the means ± SEM *P < 0.05, significantly different from untreated mice; two tailed Student's t-test. A LogRank survival test was applied to survival curves.
mice. Our results indicate that T4 supplementation increases insulin content in pancreatic beta cells. The mechanism underlying the increase in insulin content may rely on a TH-dependent regulation of expression of the transcription factor MAFA. Previous reports have demonstrated that the T3-TR complex induces MAFA transcription through direct binding to TH response elements located in the MAFA promoter (Aguayo-Mazzucato et al., 2013) . Moreover, MAFA is known to bind to the insulin promoter, inducing insulin expression (Olbrot et al., 2002; Matsuoka et al., 2004) , providing a plausible molecular mechanism by which T4 supplementation enhances insulin expression in pancreatic beta cells. However, as opposed to a previous study using 7-day-old mice, our immunohistochemical analysis in pancreatic sections of adult mice indicated that MAFA is predominantly located in the nucleus of pancreatic beta cells and T4 supplementation does not further promote the nuclear localization of MAFA, suggesting that the presence/absence of MAFA in the nucleus of pancreatic beta cells does not control insulin expression in adulthood (Aguayo-Mazzucato et al., 2013) . Remarkably, islets isolated from mice treated with T4 exhibited a marked increase in GK gene and protein T4 improves glucose homeostasis in mice BJP expression. Increased GK expression might contribute to the increased insulin secretion under fasting conditions, as observed in GSIS tests, because increased GK activity has been previously shown to lower the glucose threshold that stimulates insulin secretion (Weinhaus et al., 2007; Kassem et al., 2010) . Increased circulating insulin activates the IRS1-Akt axis of insulin signalling, suggesting that glucose uptake is increased in insulin target tissues. T4 is known to increase the basal metabolic rate by inducing the expression of several mitochondrial uncoupling proteins, such as UCP2 (Lanni et al., 2003; Ramadan et al., 2011) . As a result of increased mitochondrial uncoupling, mitochondrial efficiency is lower (defined here as the amount of nutrients used to produce one molecule of ATP) and heat production is increased (note that BAT weight in T4-treated animals was increased). In order to adapt to this situation, T4-treated cells require higher amounts of nutrients to maintain their metabolism. Therefore, it is tempting to speculate that insulin expression and secretion in pancreatic islets under fasting conditions is enhanced in mice treated with T4 to allow nutrient uptake by insulin-target tissues. Supporting this hypothesis, we found that, as opposed to untreated animals, in which a significant increase in insulin levels was promoted by a glucose bolus, insulin levels in T4-treated mice were already maximal before glucose load, suggesting that the insulin secretion machinery is already active. Moreover, our results also indicate that beta cell proliferation and apoptosis are specifically increased in mice treated with T4. Remarkably, increased GK activity has been associated to increased beta cell proliferation and apoptosis, suggesting that the increase in GK expression induced by T4 administration might contribute to the enhancement of beta cell turnover, promoting the existence of a highly insulin-expressing beta cell population, which actively secretes insulin into the circulation under basal conditions (Kassem et al., 2000; Kassem et al., 2010) . Given the age of the animals, the length of the treatment (~24 weeks at the end of th experiment, which represents~25% of an average lifespan of this mouse strain) and the mouse chow used in this study (a standard healthy diet), we do not believe that the increase of insulin expression in pancreatic beta cells found in T4-treated mice was indicative of over-stimulation of beta cells, as found in pre-diabetic individuals (MartinMontalvo et al., 2013) . The analysis of insulin-target tissues indicates that the higher insulin concentration in blood is able to activate the IRS1-Akt axis of the insulin signalling pathway. Previous reports have indicated that T4 exerts non-genomic effects by activating specifically PI3K and its downstream targets (Lin and Sun, 2011) . Although we cannot exclude that non-genomic T4 actions contribute to the activation of PI3K and its downstream targets in vivo, we found that T4 supplementation activates insulin signalling as early as the level of IRS1, as shown by the increase in pTyr 632 -IRS1 in skeletal muscles and in livers of T4-treated mice. Remarkably, we found that both T4-supplemented and control mice treated with insulin at the end of the experiment, reached the same level of Akt activation (pSer 473 -Akt levels).
Therefore, our results suggest that high insulin levels per se are responsible for T4-mediated AKT activation. In this report, we also show that T4 supplementation blunts the onset of T1DM using the RIP-B7.1 model of EAD and increases survival in STZ-induced experimental diabetes in wild-type C57BL/6 mice. Previous research has determined that during the onset of T1DM, beta cell proliferation is increased in an attempt to compensate beta cell loss (Willcox et al., 2010) . We observed that, although immune infiltration and the percentage of apoptotic beta cells is similarly augmented in untreated or T4-treated pancreases during the immune attack, beta cell proliferation is remarkably increased in T4-treated RIP-B7.1 mice. This process presumably leads to compensation for beta cell loss, allowing the production and secretion of enough insulin to maintain normoglycaemia. Our experimental design initiated T4 supplementation 2 weeks prior to induction of diabetes mellitus (immunization or STZ treatment), as these research models (EAD and STZ) are very aggressive and a significant percentage of mice die within the first 2 weeks after the induction of diabetes. In order to evaluate a possible therapeutic benefit, experiments aiming to determine whether T4 supplementation after the onset of T1DM could improve glucoregulation would be required. Our results indicate that interventions based on the use of THs or thyromimetics could open novel venues for the treatment of T1DM. Whereas novel treatments including the use of T4 supplementation might not be optimal for the treatment of metabolic diseases due to side effects, certain newly developed thyromimetics could affect specific cell types or organs that could benefit from these actions of THs, resulting in the improvement of metabolic homeostasis, while avoiding side effects (Shoemaker et al., 2012; Coppola et al., 2014; Finan et al., 2016) . Although the profound systemic effects of the T4-administration in mice suggest that THs and thyromimetics might be useful in ameliorating the abnormal metabolism in diabetic patients, the identification of the underlying mechanisms that are critical for the observed improvements on glucose control and potential long-term toxic effects must be addressed before results in mice could be extrapolated to humans. B.R.G. and A.M.-M. designed and supervised the study, secured funding, analysed the data and wrote the manuscript. All authors discussed the results and commented on the manuscript. Weinstein SP, O'boyle E, Haber RS (1994 
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Additional Supporting Information may be found online in the supporting information tab for this article. n = 12 untreated; n = 13 T4-treated. (E) Glucose concentration in blood during a 24-hour fasting period expressed as the percentage of basal glucose. n = 7 untreated; n = 8 T4-treated. (F) Homeostatic assessment of insulin resistance (HOMA-IR) index. Age = 12 weeks. n = 7 untreated; n = 8 T4-treated. UT: Untreated; T4: T4-treated. Data are represented as the mean ± SEM. * P < 0.05 significantly different from untreated mice. A two tailed t-test was applied to panels A and F. A Mann-Whitney Rank Sum test was applied to panels B-E. Figure S2 Energy intake and histology of the thyroid and the pituitary of in T4-treated mice. (A) Energy intake divided by body weight. n = 7 untreated; n = 8 T4-treated. (B) Representative images of the histological analysis o the thyroid and pituitary of T4-treated and untreated mice. Thyroid; n = 6 untreated; n = 7 T4-treated. Pituitary; n = 5 untreated; n = 6 T4-treated. (C) Determination of the α-GSU of pituitary hormones in the serum of T4-treated and untreated mice. n = 7 untreated; n = 8 T4-treated. UT: Untreated; T4: T4-treated. Data are represented as the mean ± SEM. * P < 0.05 significantly different from untreated mice (two tailed t-test). Figure S3 The subcellular localization of MAFA and FOXO1 is not affected by T4 supplementation. (A) Pancreatic islets were isolated from animals treated or not with T4. Determination of messenger RNA (mRNA) levels of genes involved in pancreatic islet metabolism. Values were normalized to islets isolated from untreated mice. n = 6 untreated; n = 5 T4-treated. (B) Representative images of MAFA and insulin (INS) immunofluorescence staining in pancreases from mice treated or not with T4. Scale bar = 50 μm. n = 5 per group. (C) Representative images of FOXO1 and INS immunofluorescence staining in pancreases from mice treated or not with T4. Scale bar = 50 μm. n = 5 per group. UT: 2 Untreated; T3: T3-treated; T4: T4-treated. Data are represented as the mean ±-SEM. * P < 0.05 significantly different from untreated mice (two tailed t-test). Figure S4 T4 induces a starvation-like state in the skeletal muscle. (A) Western blots indicating activation of AKT in the skeletal muscle and the liver of T4-treated mice. Mice were fasted for 16 hours and then injected with insulin (0.75 UI.kg-1 of body weight) 15 minutes before the end of the experiment. n = 5 untreated; n = 6 T4-treated. (B) Determination of mRNA levels of genes involved in energy metabolism in the skeletal muscle of mice treated or not with T4. Values were normalized to untreated mice. GLUT2; n = 5 untreated, n = 6 T4-treated. GK; n = 5 untreated, n = 6 T4-treated. G6Pase; n = 5 untreated, n = 6 T4-treated. LPK; n = 5 untreated, n = 6 T4-treated. PEPCK; n = 5 untreated, n = 6 T4-treated. GAPDH; n = 6. LDH; n = 5 untreated, n = 6 T4-treated. PGC1α; n = 6. PGC1β; n = 6. UCP2; n = 5. SREBP1c; n = 5 untreated, n = 6 T4-treated. (C) Determination of mRNA levels of genes involved in energy metabolism in the liver of mice treated or not with T4. Values were normalized to untreated mice. GLUT2; n = 5 untreated, n = 6 T4-treated. GK; n = 5. G6Pase; n = 5 untreated, n = 6 T4-treated. LPK; n = 5 untreated, n = 6 T4-treated. PEPCK; n = 5 untreated, n = 6 T4-treated. GAPDH; n = 6 untreated, n = 5 T4-treated. LDH; n = 5. PGC1α; n = 5 untreated, n = 6 T4-treated. PGC1β; n = 6. UCP2; n = 6 untreated, n = 5 T4-treated. SREBP1c; n = 6 untreated, n = 5 T4-treated. (D) Western blots indicating activation of AMPK in the skeletal muscle and the liver of T4-treated mice. Mice were fasted for 16 hours prior euthanization. n = 5 per group. (E) Densitometric analysis of the western blots using skeletal muscle extracts shown in Supporting Information Figure S4D . Values were normalized to untreated mice. (F) Densitometric analysis of the western blots using liver extracts shown in Supporting Information Figure S4D . Values were normalized to untreated mice. UT: Untreated; T4: T4-treated. Data are represented as the mean ± SEM. * P < 0.05 significantly different from untreated mice (two tailed t-test). Figure S5 T4 supplementation increased circulating T4, alters organs weight and modulates insulin signalling in immunized RIP-B7.1 mice. (A) Circulating T4 levels in fed conditions. n = 9 untreated; n = 8 T4-treated. (B) Organs weight divided by body weight. n = 6 untreated; n = 9 T4-treated. (C) Western blots showing the amount of phosphotyrosine 632 IRS1, total IRS1 and GAPDH, used as loading control, in the skeletal muscle and the liver of T4-treated mice. Skeletal muscle n = 6 untreated, n = 5 T4-treated. Liver n = 6 per group. (D) Densitometric analysis of the western blots using skeletal muscle extracts shown in Supporting 3 Information Figure S5C . Values were normalized to untreated mice. (E) Densitometric analysis of the western blots using liver extracts shown in Supporting Information Figure S5C . Values were normalized to untreated mice. UT: Untreated; T4: T4-treated. Data are represented as the mean ± SEM. * P < 0.05 significantly different from untreated mice (two tailed t-test). Figure S6 T4-treated and untreated immunized RIP-B7.1 mice show similar degree of insulitis. (A) Representative images of immune infiltrations in T4-treated and untreated immunized RIP-B7.1 mice. (B) Insulitis was scored as grade 0-4 according to the percentage of infiltrated islet area (0: 0%; 1: <10%; 2: >10% and <55%; 3: >55% and <75%; 4: >75%).
Scale bar = 50 μm. n = 5 per group. UT: Untreated; T4: T4-treated. Data are represented as the mean ± SEM. * P < 0.05 significantly different from untreated mice (two tailed t-test). Table S1 Antibodies used in this study. 
